Introduction
Radiopharmaceuticals made with 186/188 Re and 99m Tc have many properties which make them ideal for use in nuclear medicine, allowing for early detection of diseases and radiotherapy of cancers.
1 A rarely used type of radiopharmaceutical consists of a combination of a polymer and a diagnostic or therapeutic radionuclide shaped into microspheres, wafers, films or micelles.
2
For such applications, the polymer part must be biocompatible and biodegradable. Currently, only polylactic acid (PLA), polylacticco-glycolic acid (PLGA) and a polyanhydride (Gliadel TM ) are FDA approved biodegradable polymers and used in various medical and pharmaceutical applications including controlled drug delivery, implants, and surgical dressings.
3 Such polymers can be metallated by merging techniques from polymer and medicinal inorganic chemistry. Specifically, a suitable metal ion can be incorporated into a tailored polymer by integrating a designed chelation environment (a ligand-from the Latin word "ligare" meaning "that which binds") onto the polymer chain to guarantee metal coordination (i.e., polymer with a grip) (Fig. 1) .
One method of preparing metal coordinating polymers is to chemically functionalize the polymers. 4 Such modifications, 
Fig. 1
Cartoon of a polymer chain with a bis(picolyl)amine "claw" holding a metal tricarbonyl moiety (i.e., polymer with a grip).
however, are time consuming and typically consist of several synthetic steps. To further complicate the matter; commercially available polymers are typically capped at the chain ends to increase the shelf life of the product with the exact nature of the cap unrevealed. This makes modifications to the chain ends difficult. The aim of our work was to circumvent these involved methods and to utilize a simple one pot polymerization synthesis to prepare a biodegradable polymer with a custom tailored end group to coordinate the metal ion(s) of choice. To this end, a well designed bifunctional ligand-initiator with suitable functionality (e.g., OH, NH 2 , SH) was chosen to initiate polymerization. A bidentate metal-chelating polymer has previously been synthesized by Corbin et al. who used hydroxyl-modified bipyridine for the polymerization of various monomers with further coordination to Fe 2+ or Ru 2+ to make six-arm metal centered star shaped polymers.
5
There are, however, no examples of multidentate (tridentate or more) ligand-functionalized polymers in the literature. Our intention was to prepare such multidentate ligand-functionalized polymers for the preparation of 99m Tc-and 188 Re-labeled radiopharmaceuticals.
To permit the use of rhenium or technetium radiopharmaceuticals in patients, much effort has been placed on stabilization of the Re/Tc core in their metal complexes. potential N3 donor that has been attached to different backbones such as sugars and peptides for radiopharmaceutical applications and is highly stable towards ligand exchange.
12,23
We report here for the first time [Re(CO) 3 ] + coordination to a newly synthesized tridentate polymer-ligand. A one pot synthesis of PLA was carried out by ring-opening polymerization of L-lactide (Scheme 1), where the ensuing polymer is equipped with a tailored ligand cap. Well studied metal chelators with the bis(picolyl)amine binding group were used as bifunctional ligand-initiators for the polymerization process. The synthesized polymers were coordinated to the [Re(CO) 3 ] + core and the resulting metal complexes characterized by a variety of techniques including MALDI-TOF mass spectrometry.
Scheme 1 Ring opening polymerization of L-lactide using bis-(picolylamine) functionalized alcohols as initiators and metal coordination of the resulting polymer (R = 2-ethylhexanoate, n = 2, 4, 6).
Results and discussion

Polymer-ligand syntheses
Functionalized alcohols in which the functionality provides a suitable environment for metal coordination were used as initiators in the ring opening polymerization of L-lactide. The resulting polyester chains are thus equipped with a tailored end group appropriate for metal chelation, i.e., polymers with a grip! The advantage of this approach lies in the simplicity of the synthesis, where a one-step reaction can produce modified polymer chains suitable for metal binding. The ligand initiators can be tailored to bind the metals of choice. In this work ligands suitable for binding Re and Tc metal ions were used as the initiator.
The polymer syntheses proceeded in a straightforward fashion from L-lactide using the commercially available and FDA approved stannous octoate as the catalyst. 24 All ligand-initiators were synthesized similar to published procedures with minor modifications.
16,25, 26 In brief, addition of 2-picolyl chloride in a 2 : 1 ratio to the desired aminoalcohol in the presence of a strong base (or reacting 2-pyridinecarboxaldehyde with the desired aminoalcohol and further reduction with a suitable reducing agent (reductive alkylation)) resulted in the formation of the 2-picolylamine functionalized alcohol ligand initiators. The final products were purified by column chromatography using basic alumina and 5% methanol in chloroform and characterized by 1 H NMR and elemental analysis. These compounds were then used as the ligand-initiator in the polymerization of Llactide. Polymerization was conducted in toluene under absolute conditions at 125
• C for a period of 3 h with a monomer to ligandinitiator ratio of 20 : 1 which resulted in monomer conversion of about 90% in different experiments. The resulting ligand-polymers (Fig. 2) were isolated in good yields and characterized by various techniques. Elemental analysis was used as a qualitative probe to prove the presence of nitrogen in the ligand-polymer products, a confirmation of the presence of the bis(picolylamine) moiety.
1 H NMR of all ligand-polymers shows the PLA backbone with an excellent turnover of the starting monomer. All data agree with reported literature values for PLA. 27 Also, the corresponding ligand-initiator signals are detected along the base line of the spectrum of the polymer chain. Discrete, nicely resolved peaks are observed for the 2-methylpyridine moieties, the methylene groups on the alcohol backbone and the terminal methine and methyl groups in the polymer chain. The integration ratios for the picolylamine ligands and the terminal methine in the polymer chain are about 1 : 1 implying that there is one aminoalcohol per chain of polymer and confirming that the aminoalcohol is the initiator for polymerization.
The molecular weights (MW) of the synthesized polymers were calculated relative to polystyrene standards using GPC (Table 1) . A plot of the log(MW) vs. retention time of the polystyrene standards was used to calculate the MW of the unknown polymer-ligands. Since the monomer loading ratio is not too high, 1 H NMR can be used to gain valuable information on the MW of the synthesized polymers. The MW was calculated based on the integration numbers of the methine group in the polymer chain to the terminal methine. MALDI-TOF mass spectrometry, however, is the better technique for determining the true MW of these ligand-polymers since it shows a fingerprint of each oligomer chain and involves no referencing; the numbers are actual mass. 28 The NMR and MALDI data are lower than the GPC data using polystyrene standards, a trend which has been observed for PLA before.
27
The MALDI-TOF spectra of various polymer-ligands shows a molecular weight distribution of about 1-3 kDa corresponding to oligomers distributed with monomer repeat units of as low as 12 and as high as about 36 depending on the ligand-polymer (compounds 1-3). This range of MW is suitable for our application with short-lived radioisotopes because MW is an important factor affecting the degradation rate of the polymers. Fig. 3 shows the MALDI-TOF MS for 1, the peaks correspond to even-numbered oligomer chains of about 16-36 units with bis(picolylamine)ethanol and hydroxyl end caps as expected on the basis of ring-opening polymerization. 28 The mass then can be calculated based on eqn (1) (x = number of monomers). The peak at m/z 1832, for example, corresponds to an oligomer chain of 22 repeat units. All other mass spectra were similarly assigned. Molecular weight distributions in polymers can also be calculated using standard eqn (2) and (3).
The MALDI data were fitted to these equations where N is the number of molecules with molecular weight M and i runs over all oligomer ions (Fig. 3 given on the ordinate).
30 Table 1 presents the data obtained based on the above formulation.
The IR spectra of the ligand-polymers show distinct signals for PLA with the signal absorption intensities in good agreement with that found in the literature, confirming again a successful polymerization. 31 The signals for the ligand functionality (bis(picolylamine)alcohol) are mainly overlapped with the intense polymer backbone signals; however, the ring stretching signals are observed at about 1610 cm −1 .
Metal coordination
Due to the custom design of the polymer, metallation of the ligand-polymers was expected to be simple. (Fig. 4) . The crude product was washed with MeOH to remove the Et 4 NBr side product and the coordinated polymers isolated as light beige solids. All compounds were characterized with NMR spectroscopy that provided the key proof of metal coordination. geminal protons (J = 16 Hz) with the signals being shifted downfield (by 0.7 (5,6) and 2.2 (5 ,6 ) ppm) from the original polymer-ligand signal at d 3.85. These four protons (5, 5 , 6, 6 ) are clearly non-identical after coordination showing asymmetry in the polymer-complex structure. This might be due to rigidity of the ethyl backbone or the long-range polymer asymmetric influence that could enhance conformational restrictions. The pyridine proton signals are also shifted downfield. The 1 H NMR spectrum shows that the two pyridine rings are not equivalent with the 4, 4 pattern changing substantially to show two discrete doublets after metal binding.
To help in the understanding and assignment of the 1 H NMR signals for 6 and 7, 13 C NMR, 1 H-1 H COSY and 1 H-13 C HMQC experiments were undertaken. Fig. 6 shows the 1 H-13 C HMQC spectrum of 7. Similar to 5 the polymer pendant has some influence on the symmetry of the ligating end group (bis(picolylamine)hexanol) after metal coordination. The CH 2 signal on the hexyl chain right next to the tertiary amine N (a) is shifted downfield 0.75 ppm upon ligand binding. The CH 2 signal on the O end of the hexyl chain (f), however, does not show any significant shift or splitting unlike in 5 since the protons are farther away from the coordination site. In addition, the longer alkyl chain (hexyl vs. ethyl) has more freedom of motion and less rigidity. The pendant methylene groups on the pyridines (6, 6 ) show a downfield chemical shift after ligand binding. These protons again are different and exhibit diasterotopic geminal coupling (J = 16 Hz) after coordination. This is due to the presence of the [Re(CO) 3 ] + core and the effect of the polymerligand backbone. The pyridine protons (1-4) in this compound are shifted. There is, however, no asymmetry observed between the two rings as seen before in 5. The two signals observed in the 13 C NMR spectrum for the C≡O moiety at d 195.5 and 196 can be explained by considering a local plane of symmetry through one carbonyl and the tertiary amine N as reported in the literature for other bis(picolylamine) coordinated fac-[Re(CO) 3 ] + complexes. 12 The chemical shifts for the PLA backbone and the ligand end cap are in good agreement with those reported in the literature.
12,27 Fig. 7 shows the 1 H and 13 C NMR spectrum of 6. A similar trend is observed for this compound where the two pendant methylene groups on the pyridine rings (6, 6 ) are expressing Infrared spectroscopy was also used to study these metal coordinated polymers. + for C≡O. 16 In addition the aromatic signal for the bis(picolylamine) moiety is observed at about 1610 cm −1 . MALDI-TOF mass spectra of all metal complexes show a shift in the polymer mass relative to the added [Re(CO) 3 ] + core. The mass can be calculated similarly based on eqn (1) plus the mass of [Re(CO) 3 ] + . Fig. 9 shows the mass spectrum for 5. It corresponds to even-numbered PLA oligomer chains of about 12-32 units with [Re(CO) 3 ] + coordinated bis(picolylamine)ethanol and hydroxyl end caps. The insets show one actual signal and the simulation corresponding to an oligomer chain. The isotope pattern of the rhenium complex is a perfect match to the simulation mass spectrum. Calculated M w and M n for these polymers are presented in Table 1 . 
Conclusions
Ring-opening polymerization of L-lactide was performed using bifunctional ligand-initiators for the polymerization process. This approach provides an easy and efficient route for the syntheses of tailored "polymers with a grip" capable of binding metals. The resulting polymer-ligands were successfully coordinated to [Re(CO) 3 ] + . All synthesized compounds were characterized by EA (elemental analysis), GPC, NMR, IR, and MALDI-TOF mass spectrometry.
1 H NMR and IR spectra of these polymers show the PLA backbone clearly, a proof to successful polymerization. A lower symmetry is observed upon metal binding for these compounds. The signals in the mass spectra for various ligandpolymers are shifted upon coordination to [Re(CO) 3 ] + and show the correct isotope pattern for a mono rhenium moiety.
The successful and easy coordination to Re opens up a window of applications (e.g., radiolabeling) for these polymers with high efficiency and ease. Biodegradable metallated polymers as synthesized might be useful in their radiolabeled form for the diagnosis and treatment of different tumors and for the radiation synovectomy of joints with rheumatoid arthritis.
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Experimental
Materials and methods
All chemicals were purchased from Sigma Aldrich and used without purification unless mentioned. (NH 4 ) 2 ReBr 3 (CO) 3 , 2-bis(picolylamine)ethanol, 4-bis(picolylamine)butanol, and 6-bis(picolylamine)hexanol were synthesized as reported in the literature with minor modifications.
16,19,25,26 All solvents were dried and kept under Ar (Praxair). All syntheses were carried out under Ar using standard Schlenk techniques. 1 H NMR spectra were recorded on a Bruker AV-300 or AV-400 at 300.13 or 400.13 MHz. 13 were recorded on a Bruker AV-400 at 100.62 MHz. The 2D COSY and HMQC experiments were recorded on a Bruker AV-400 spectrometer at 400.13 MHz (100.62 MHz for C). MALDI-TOF mass spectra were obtained on a Bruker Biflex IV MALDI-TOF equipped with nitrogen laser. Infrared spectra were recorded on a FTIR Bomen MB-110 spectrophotometer as KBr pellets. GPC was performed on a Waters Millennium HPLC-GPC system with columns: 7.8 × 300 mm (Styragel HR1 in tandem with Styragel HR3), chloroform solvent at a flow rate of 1 ml min −1 with 50 ll injection volume and refractive index detection. NMR solvents were from Cambridge Isotope Laboratories.
Polymer-ligand syntheses PLA-OC 2 N 3 (1). L-Lactide (1.20 g, 8 mmol) recrystallized in EtOAc and 2-bis(picolylamine)ethanol (114 mg, 0.5 mmol) were put in a 3 neck round bottom flask equipped with a condenser. The flask was evacuated (and kept under vacuum for 15 min) and filled with Ar 3 times before toluene (10 ml) was added with stirring. Stannous octoate (∼50 ll, 50%) was added to the reaction flask. The flask was then immersed into a preheated 125
• C oil bath, heated for 3 h, cooled to room temperature and the solvent removed. The resulting solid was redissolved in 10 ml of CH 2 Cl 2 and the resulting solution was washed with 10 ml of 0.1 M HCl, 10 ml saturated brine and 2 × 15 ml of H 2 O. The organic phase was dried over anhydrous Na 2 SO 4 . After filtration and removal of solvent the final product was washed with MeOH and dried under vacuum (650 mg, 72% PLA-OC 6 N 3 Re(CO) 3 (7). PLA-OC 6 N 3 (3) (52.2 mg) was dissolved in 3 ml of CH 2 Cl 2 in a 3 neck round bottom flask. (NH 4 ) 2 ReBr 3 (CO) 3 (26 mg, 34.8 lmol) was dissolved in 0.5 ml of MeOH first and added to 9.5 mL of CH 2 Cl 2 . The metal complex was added dropwise to the polymer solution under Ar. The temperature was increased to 50
• C and the clear light yellow solution started to reflux for 3 h, cooled to room temperature and the solvent removed. MeOH was added to the remaining solid. After stirring for a few minutes the mixture was filtered and the beige solid dried under vacuum (66 mg, 86%). 
